Knowledge of the high-pressure behavior of carbon dioxide (CO 2 ), an important planetary material found in Venus, Earth, and Mars, is vital to the study of the evolution and dynamics of the planetary interiors as well as to the fundamental understanding of the C-O bonding and interaction between the molecules. Recent studies have revealed a number of crystalline polymorphs (CO 2 -I to -VII) and an amorphous phase under high pressure-temperature conditions. Nevertheless, the reported phase stability field and transition pressures at room temperature are poorly defined, especially for the amorphous phase. Here we shed light on the successive pressure-induced local structural changes and the molecular-to-nonmolecular transition of CO 2 at room temperature by performing an in situ study of the local electronic structure using X-ray Raman scattering, aided by first-principle exciton calculations. We show that the transition from CO 2 -I to CO 2 -III was initiated at around 7.4 GPa, and completed at about 17 GPa. The present study also shows that at ∼37 GPa, molecular CO 2 starts to polymerize to an extended structure with fourfold coordinated carbon and minor CO 3 and CO-like species. The observed pressure is more than 10 GPa below previously reported. The disappearance of the minority species at 63(±3) GPa suggests that a previously unknown phase transition within the nonmolecular phase of CO 2 has occurred. mineral physics | diamond anvil cell | inelastic x-ray scattering M olecular compounds such as N 2 and H 2 O have been known to acquire a nonmolecular structure under compression and ultimately transform into highly disordered and/or amorphous phases (1-4). Other solids, such as group IV oxides SiO 2 (5) and GeO 2 (6), are prone to amorphize under pressure despite the covalent framework structure. However, it was not until recently that CO 2 , both a molecular compound and group IV oxide, was also reported to form several polymorphs and a pressureinduced amorphous phase (7-23). Previous experimental evidence on the formation of nonmolecular phases of N 2 and CO 2 was mainly based on the loss of optical vibrons (1) and/or the emergence of a broad IR or Raman band in the stretching mode region. Unfortunately, these new features are often very weak and accurate measurement was hindered by significant noises (17, 22, 23) , making it difficult to extract useful information on the local coordination in the amorphous phase. This difficulty is illustrated by studies of the high-pressure high-temperature amorphous a-CO 2 phase in which the polymeric local structure was claimed to be a mixture of tetrahedral and octahedral coordinated carbon based on Raman spectroscopy (17), but to a mixture of tetrahedral and threefold coordinated polymeric CO 2 from a combined theoretical and infrared spectroscopy study (20) . Moreover, knowledge of the phase diagram and kinetics for the various phase transitions in solid CO 2 are obscured by significant disparities in the estimated phase transition pressures from different studies and techniques. An example is the pressures reported for the molecular to nonmolecular phase transformation ranging from 48 to 65 GPa (17, 22, 23) .
M olecular compounds such as N 2 and H 2 O have been known to acquire a nonmolecular structure under compression and ultimately transform into highly disordered and/or amorphous phases (1) (2) (3) (4) . Other solids, such as group IV oxides SiO 2 (5) and GeO 2 (6) , are prone to amorphize under pressure despite the covalent framework structure. However, it was not until recently that CO 2 , both a molecular compound and group IV oxide, was also reported to form several polymorphs and a pressureinduced amorphous phase (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Previous experimental evidence on the formation of nonmolecular phases of N 2 and CO 2 was mainly based on the loss of optical vibrons (1) and/or the emergence of a broad IR or Raman band in the stretching mode region. Unfortunately, these new features are often very weak and accurate measurement was hindered by significant noises (17, 22, 23) , making it difficult to extract useful information on the local coordination in the amorphous phase. This difficulty is illustrated by studies of the high-pressure high-temperature amorphous a-CO 2 phase in which the polymeric local structure was claimed to be a mixture of tetrahedral and octahedral coordinated carbon based on Raman spectroscopy (17) , but to a mixture of tetrahedral and threefold coordinated polymeric CO 2 from a combined theoretical and infrared spectroscopy study (20) . Moreover, knowledge of the phase diagram and kinetics for the various phase transitions in solid CO 2 are obscured by significant disparities in the estimated phase transition pressures from different studies and techniques. An example is the pressures reported for the molecular to nonmolecular phase transformation ranging from 48 to 65 GPa (17, 22, 23) .
The discrepancies between different experiments and ambiguities in the transition pressures in solid CO 2 motivate a thorough investigation of the pressure dependence of the local structural and electronic environment. Here we report a survey of the evolution of the chemical bonding of CO 2 under pressure, using X-ray Raman scattering (XRS)-a nonresonant, hard X-ray photon-in photon-out technique at both the carbon (C) and oxygen (O) K edges. XRS provides a convenient way to measure absorption spectra of low Z materials in high-pressure diamond anvil cell. From analysis of the spectral features, insights into the effects of pressure on the unoccupied π* and σ* orbitals of C and O aided with first-principles calculations have been obtained. The present results provide a framework to further the understanding of the local mechanism of polymerization of CO 2 under pressure.
Results and Discussion
The O K-edge XRS spectrum obtained for the molecular phase CO 2 -I at 2 GPa (Fig. 1A) is characterized by an intense π* resonance peak at 534.6 eV and very weak σ* features located between 540 and 550 eV. In comparison, the spectrum of gaseous CO 2 shows a single, relatively stronger π* peak and a σ* peak of moderate intensity (24) . The C K-edge XRS spectrum of CO 2 -I shares similarities with the O K-edge spectrum with an intense π* resonance peak at 291 eV and a very broad and weak σ* peak at about 313.2 eV (Fig. 1B) . The sensitivity of the XRS spectrum to local chemical bonding is exhibited by the stark contrast in the spectral features for the transitions to π* at the C K edge between CO 2 (sp hybridization), and graphite (sp 2 hybridization)
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In solid CO 2 the O K-edge spectral profile is observed to undergo gradual changes upon compression at pressure above 7.4 GPa (Fig. 3A) . The two σ* peaks at 542.3 and 546.7 eV become more distinct but the intensities remain rather weak. At about 10.7 GPa, the σ* peak of the O K edge at 542.3 eV has disappeared and concomitantly a new peak starts to emerge at 537.4 eV. At the same time, the σ* peak at 546.7 eV becomes stronger with the intensity increases up to ∼17 GPa. The progressive spectral changes (i.e., simultaneous diminishing π* and increasing σ* excitations) point to a gradual transition of CO 2 from a linear molecule with planar π bonding to a distorted 3D network structure. We note that throughout the transition, the variation of energy and width of the π* peak at both edges is negligibly small, suggesting that the π* orbitals are not significantly affected by the structural change.
Previous studies have shown that the transformation from CO 2 -I to -III is sluggish (8, 9, 13) as both phase I and III were found to coexist in an extended pressure range. To extract structural information from within the transition region, we fit the O K-edge spectra measured between 7.4 and 12.8 GPa with a weighted sum of the reference spectra for CO 2 -I at 2.0 GPa and CO 2 -III at ∼17 GPa. The results, summarized in Fig. 3B , show that CO 2 -III begins to appear as low as ∼7.4 GPa and coexists with CO 2 -I up to ∼17 GPa. In the earlier studies, the transition pressures have been estimated to be between 10 and 20 GPa (8, 9, 16). The present result imposes a constraint on the transition pressure range. The lower onset pressure of the transition observed here can be attributed to the local character of XRS, which is sensitive to the first coordination shells of the excited atom in contrast to X-ray diffraction or Raman and infrared spectroscopy. We note that pressure gradient measurements on the sample detected no gradient up to 10 GPa and only a small pressure gradient (0.017 GPa/μm) from 10 to 17 GPa (25) .
Upon further compression to about 37 GPa, we observe dramatic changes in both O and C K-edge XRS patterns ( Fig. 1 A-D) . Note that the pressure distribution within the CO 2 sample was 35-40 GPa before the XRS measurement, whereas after the XRS measurement, the sample pressure was found to be about 37 GPa throughout the path of the X-ray beam. In addition, the CO 2 samples at P > 30 GPa were all freshly prepared except for the 53(±3) GPa spectrum, which was obtained by further compressing the sample after measuring the 30-GPa spectrum. In the O K-edge spectra, the π* peak of CO 2 -III at 535 eV has nearly disappeared, and concurrently broad, salient features emerge in the 537∼547 eV range, together with a weak peak at ∼532 eV. We ascribe the appearance of the broad features to the formation of extended σ* band structure, showing that CO 2 has lost its molecular character and has started to polymerize. The appearance of a small peak at lower energy side of the π* excitation between ∼37 and 53(±3) GPa (Fig. 1A) suggests the formation of a nonmolecular phase, and will be discussed later. Similarly, a broad σ* band also starts to appear at 296 eV in the C K-edge XRS spectra. This feature has no analog in the graphite (sp 2 ) or diamond (sp 3 ) spectra (Fig. 2) .
Intensity (a.u.) The evolution of the O and C K-edge XRS line shapes with pressure is summarized in Fig. 1 C and D, respectively. The appearance of the prominent σ* features and ensuing decrease of the π* peaks at both O and C K edges offers compelling evidence that CO 2 has almost completely transformed into a nonmolecular polymeric phase at ∼37 GPa. This result is significant, as it shows the transformation into a nonmolecular phase occurs at a substantially lower pressure than the previously reported values of 48-65 GPa using Raman and infrared spectroscopy (17, 21, 22) , thereby delineating new stability fields for the intermediate bonding (CO 2 -III) and amorphous phases. This highlights the advantage of using a spectroscopic technique sensitive to the local bonding environment, such as XRS, to monitor the formation of a continuous network of bonds between molecular entities.
Above 53(±3) GPa the broad σ* feature at the O K edge is unaffected by further pressure increase while the π* peak of CO 2 -III vanished (Fig. 1C) . In addition, the π* peak at ∼532 eV weakened and eventually disappeared at 63(±3) GPa. This observation indicates that another structural transition has occurred. The intensity of the π* peak at the C K edge also decreases with respect to the σ* peak. Unfortunately, above 53(± 3) GPa the XRS intensity at the C K edge was too weak and contaminated with C signals from the diamond anvils and no reliable signal could be measured. It is important to note that the 532 eV feature was observed only in a limited pressure range from ∼37 to 53 GPa and, therefore, it is unlikely that this feature is an indication of X-ray irradiation damage.
To better understand the XRS spectra, first-principles calculations of both C and O K-edge X-ray absorption spectra (XAS) were performed (Fig. 4 A and B) . The structural models were selected from several reported high-pressure structures. We found that calculations using the independent particle approximation (i.e., full core, half core, and screened core hole models) failed to reproduce even the qualitative features of both the carbon and oxygen XRS spectra (Fig. S1 ). The use of the more accurate Bethe-Salpeter equation (BSE) method, which explicitly takes into account the electron correlation and excitonic effects, was found to be essential. These calculations are computationally very demanding and can only be applied to systems with a relatively small number of atoms. As seen in Fig. 4 A and B , apart from a shift in the absolute energy scale, there is a close agreement between the theoretical and experimental π* and σ* excitation profiles in the C and O K-edges for the phase CO 2 -I (Pa3) and -III (Cmca). Note that the experimental resolution and the core-hole lifetime broadening were not included in the calculations, which explains why the theoretical spectra are sharper.
The spectra calculated for the nonmolecular polymeric phase V (I42d) are strikingly different from that of the molecular phases. The absence of a strong π* excitation at both C and O K edges is expected because the carbon atom in the nonmolecular phase has a fourfold coordination. Instead, transitions to C and O σ* orbitals located respectively 6.6 and 4 eV above the π* excitation in CO 2 -III became more prominent. The theoretical result is in excellent agreement with the experimental C and O K-edge spectra measured above 37 GPa. Therefore, the observations of prominent, higher-energy σ* peaks can be attributed unequivocally to the formation of a nonmolecular structure with fourfold coordinated carbon atoms. Theoretical calculations also suggest that the observed lowenergy peak, which emerges around 532 eV at the O K edge at ∼37-53(±3) GPa and then disappears at 63(±3) GPa, may due to minor phases with residual C = O π bonds. The π* peak calculated for the O K edge of the P4 2/ mnm phase coincides in energy with the π* peak of Cmca (Fig. 4A) in accord with the experimental spectra, which show that the 532 eV peak is ∼3 eV below the π* peak of Cmca (Fig. 1A) . We can therefore rule out P4 2/ mnm structure as the minority phase. To search for an alternate explanation, it is noted that at 63(±3) GPa and 2,000 K solid CO 2 was reported to dissociate into an ionic phase i-CO 2 consisting of CO 3 2-and CO 2+ ion pairs in the postaragonite structure (21) . To evaluate whether the low-energy peak at the O K edge may be attributed to either CO 3 2-or CO 2+ like species, C and O K-edge XAS spectra of i-CO 2 were calculated (26) . The O K-edge XAS spectra of the distinct oxygen atoms in i-CO 2 are found to be overall similar to each other, showing a broad distribution of π* excitations centered around 4-5 eV below the σ* feature of CO 2 -V (Fig. 4A) . This is in agreement with the experimental observation where the 532-eV π* peak is located ∼5 eV below the σ* feature. At the C K edge in Fig. 4B , we observe two main peaks separated by 2 eV, the lower energy peak corresponding to the CO moiety and the higher energy peak to CO 3 . These two peaks are located slightly above the π* peak of CO 2 -III, although in the experiment the π* peak is at 290 eV for both CO 2 -III and the minority phase. In conclusion, despite slightly higher calculated energies for both C and O π* excitations in CO and CO 3 , the qualitative similarity with the experimental features at 532 and 290 eV, respectively, for the O K and C K edges, suggests that the minority phase may consist of dissociated CO moieties and/or CO 3 . Because the 532-eV peak in the O K-edge spectrum disappeared at 63(±3) GPa, we speculate that the minority phase is metastable in the 37-63(±3) GPa range.
To gain further insight into the local coordination of the amorphous phase at 63(±3) GPa, we have performed molecular dynamics calculations starting with the crystalline i-CO 2 structure (26) . We found that i-CO 2 is unstable and collapsed into a disordered structure consisting of mixed threefold (CO 3 ) and fourfold (CO 4 ) coordination. The predicted structure is in agreement with the proposal of a mixed coordinated phase from a previous report (20) . This result, combined with our unraveling of the metastable minority phase, marks a major step in the understanding of the nonmolecular mix-coordinated phase, by suggesting a route of formation involving intermediate CO-like and CO 3 -like species. It is not computationally feasible to calculate the XAS of the disordered structure using the BSE method. Our theoretical results, however, are consistent with the experimental observations of the appearance of the broad core → σ* band at the expense of the C = O π* excitation.
From in situ measurements of the electronic structure of CO 2 under pressure, we have obtained information of crucial importance to the understanding of the phase transitions from the local point of view. Our results show that the successive I-IIIamorphous phase boundaries are at significantly lower pressures than previous reports. The present results cast new light on the phase diagram of CO 2 , and highlight the continuous character of these transitions. Our study also reveals that the local coordination of the carbon atoms in the amorphous phase is fourfold, with a minor metastable phase of mixed CO and CO 3 species. The present study demonstrates that site-specific XRS is a powerful and unambiguous probe for the study of molecular-to-nonmolecular transitions at high pressure.
Methods
Experiment. CO 2 sample with 99.995% purity was cryogenically loaded in a beryllium gasket chamber with a hole of 70-250 μm in a diamond anvil cell. A small ruby sphere was placed at the edge of the hole, serving as a pressure calibrant. In addition, the first-order Raman peak of the diamond was also used as a pressure reference in some cases for pressure above 30 GPa. The high-pressure inelastic X-ray scattering measurements of CO 2 were conducted at the Taiwan beamline BL12XU, SPring-8. A monochromatic beam with incident energy fixed at E i = 9,887 eV with a beam size of 13-20 (horizontal) by 22-30 (vertical) μm 2 was focused onto the sample. A small pinhole (∼10 μm in diameter) was installed in front of the diamond cell for the collection of higher pressure data. The wavelengths of scattered photons were selected using three Si(555) spherically bent analyzers in nearbackscattering conditions and counted with a Si solid-state detector. The scattering angle was ∼35°. A total energy resolution of ∼1.4 eV was achieved with this setup. Depending on the pressure, the measurement time for one spectrum ranged between 8 and 20 h. The oxygen and carbon K-edge absorption spectra were obtained by scanning the incident energy around E i + E C-K and E i + E O-K , respectively.
Computation. The XAS were calculated with the BSE method, using the Exciting code, which is in the frame of all-electron density-functional theory based on the linearized augmented plane-wave method. Calculations using the full and half core-hole approximations were performed with the gauge included projected augment wave code from Quantum Espresso (http://www.pwscf.org) A B Fig. 4 . XAS spectra calculated from BSE method for different phases of CO 2 at (A) the O K edge and (B) C K edge. (27, 28) . The BSE calculations were performed using all electron full potential linearized augmented plane wave code EXCITING (http://exciting-code.org) (29) . The BSE method is found to be necessary in CO 2 XAS calculation due to the electron-hole interaction during the excitation process. The spectra calculated using core-hole method showed poor agreement with the experiment (Fig. S1 ). Convergence with respect to k point and q point sampling was tested, and convergence was obtained with a 3 × 3 × 3 mesh on the CO 2 -I phase and a 4 × 4 × 4 mesh on the other crystal structures. Up to 115 and 90 empty states were included for the calculation of screening and excitation, respectively. For the high-pressure calculations, we optimized the structure at the appropriate pressures using the quantum Espresso code.
